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THE DESIGN FLEXIBLE BULKHEADS 


the design flexible bulkheads, the engineer limited lack 
knowledge concerning the actual behavior varying soil masses. 

Bulkhead design literature contains many theories anu mathematical studies 
the action and effect earth pressure. The very number these analyses 
supports the fact that single method has universal application, and that 
wide range error the assessing pressures can expected. 

The purpose not advance new procedure that will remove all 
uncertainties from bulkhead design. Instead, this paper presents description 
the design and construction procedures followed the Bureau Yards 
and Docks, United States Navy, for varying site and soil conditions, together 
with methods for reducing pressures, proper construction sequences, and 
practical rules which are axiomatic for bulkhead design. 


REQUIRED 


The procurement site and soil data paramount importance. site 
survey that includes the history and general geology the area essential. 

Unless soil conditions are known with certainty, borings should taken 
representative locations throughout the site. Undisturbed samples cohesive 
type soils and disturbed samples cohesionless materials should tested for 
their physical properties. Active and passive earth pressures should deter- 
mined from these data. 

THEORIES 

The loads for which bulkheads are designed depend the pressure exerted 
natural earth deposits and earth fills. The wide variation physical 
properties among different types soil responsible for the range magnitude 
lateral pressure exerted against various types restraining structures. 
The classical theories relating the properties granular 
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have been quite universally accepted. These are based the assumption 
that the earth composed granular particles without cohesion. Active 
pressures computed this basis are frequently larger than those found 
nature, and computed passive pressures are smaller than those observed. 

There are many variables affecting the magnitude earth pressure that 
some practical procedure necessary arrive values that are usable for 
the design safe structures reasonable cost. 

The Bureau Yards and Docks has built many types bulkheads de- 
signed meet large variety site and soil conditions. has been Navy 
practice compute earth pressures the following manner: 


(a) The active pressures and passive pressures for granular material are 
both computed the Rankine-Coulomb formulas, neglecting the effect 
wall friction; 

(b) For fine-grained and cohesive materials, the earth pressures are based 
both frictional and cohesive resistance, with allowance for pore pressure 
unconsolidated material; and 

(c) Uniform surcharges are converted equivalent heights the backfill 
material. 


The design predicated providing actual safety factor from 1.5 
2.0 for the passive resistance. use the pressures computed outlined 
above, the minimum depth penetration required for stability the sheet 
piles determined. This minimum depth considered sufficient give the 
required factor safety for sheet piling driven into natural undisturbed soils. 


PRESSURE AND LOADING DIAGRAMS 


Pressure and loading diagrams for several general types bulkheads are 
shown. Fig. shows ideal- 
ized pressure diagrams for 
cantilever bulkhead. The 
diagram Fig. indi- 
cates minimum penetration 
the sheeting required 
for stability. 
head subject progres- 
sively increasing deflection 
the soil the surface 
the ground yields under 
pressure and 
The deflection can re- 
duced increasing the 
(a) MINIMUM POINT RESTRAINED the sheet piles 
shown Fig. For 
bulkheads where alinement 
and safety are important, increased penetration above the minimum required for 
stability essential. Cantilever bulkheads should limited height and 
ample bulkhead with single anchorage. diagrams having 
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equal areas active pressure are shown. Fig. 2(a) for sheet piling driven 
the minimum penetration required for stability. Fig. 2(b) shows longer piling 
with the point restrained passive pressure mobilized both sides, thus re- 
ducing the bending moment and tie-rod evident that the additional 
penetration will provide for higher active pressures lower passive pressures 
than assumed, and for possible overdredging scouring. 

Fig. illustrates bulkhead with support for the sheet piles two different 
levels. The angle repose the material designated The additional 
support may required because lower values for the physical properties 
the backfill material, increased bulkhead heights above low water level, greater 
water depths, and unbalanced water heads. The unbalanced water head 
usually caused wide range tide levels and assumed about one 
half the tide range. proper choice granular material for the backfill 


Mean High 
Water 


Mean Low 
Tide Range 


- 


(a) MINIMUM POINT MINIMUM 
PENETRATION RESTRAINED PENETRATION 


Fig, 2—Loaping DiaGraMs—BULKHEAD WITH SINGLE Fie. 3.—Loapine Diacram—BuLK- 
ANCHORAGE HEAD WITH DouBLe ANCHORAGE 


against the piling, should possible restrict the elevation differential 
the water lag. This bulkhead considerably more difficult construct be- 
cause the underwater work required place the lower waling and tie rods. 
However, suitable anchorage can provided economically, the wall 
should cost less than one with relieving platform. 

Bulkheads backfilled the hydraulic method frequently are subjected 
active pressures during filling that are greater than those occurring after com- 
pletion. Fig. shows comparison between typical loading diagrams for 
these two conditions. The combined earth pressure and water pressure above 
mean low water during hydraulic filling produce larger than those result- 
ing from the surcharge after completion. However, larger stresses the sheet 
piles are permissible for the temporarily increased construction loads, provided 
the tie rods and anchorages are adequate. For this loading condition, check 
the adequacy the anchorage and the penetration the sheet piles 
should made. 


Water 
ane 
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Surcharge- 


= 


= 


Mean Low Water 


DURING FILLING AFTER FILLING 


(a) WITHOUT 
BLANKET 


REDUCING PRESSURES 


WITH SAND BLANKET 


Lateral loads deep-water sites, those resulting from soft materials, 
may become too large for bulkheads the conventional type. Several 
methods are used the Navy reducing lateral pressures. 


Frequently, the site for 
considerable depth soft 
material. Two possible 
solutions this problem 
are shown Fig. 
Fig. 5(a), the sheet piles 
are driven obtain ad- 
vantage constraining 
moment the bottom. 
Inthe loading diagram, the 
effect the soft material 
shown clearly the 
greatly increased area just 
below the elevation the 
original bottom. Fig. 
the site predredged 
and the mudremoved. 
sand blanket deposited 
from the top the firm 


strata the level final dredged bottom before the driving sheet piling. 
The effect sand blanket reducing the pressures quite evident com- 


WITH 
BLANKET 


parison the loading diagrams. The use sand blanket the most eco- 
nomical method for constructing bulkheads sites with poor bottom conditions 
for thuse cases which the heaviest piling inadequate. 
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The effect dike reducing the lateral pressure from poor quality 
backfill material shown Fig. this case, the existing material as- 
sumed good quality the level the dredged bottom, overlain 
few feet somewhat poorer material. hydraulic fill deposited tie-rod 
level above which blanket good quality granular material isdumped. The 
hydraulic fill assumed fine grained, partly consolidated material which 
develops pore pressure. The effect this pore pressure clearly indicated 
Fig. Fig. dike granular material deposited immediately 
adjacent the sheet piles. Behind this dike, the same poor quality hy- 
draulic fill assumed Fig. 6(a). Laboratory tests have indicated that 
the load the sheet piles from hydraulic fill with pore pressure can re- 
duced approximately that from full granular fill depositing dike 
granular material against the bulkhead its full height. Thus, the pressure 
diagram for Fig. 6(b) has the same magnitude those that would 
apply for granular fill throughout the entire bulkhead height. Therefore, 


Bank Run Fill 


Mean Low 


Hydraulic Fill 
With Pore 
Pressure 


(a) WITHOUT WITH 
DIKE DIKE 


not necessary that the backfill consist entirely granular material for 
indefinite distance behind the sheet piling. bulkhead this type, settle- 
ment the surface anticipated because the slow consolidation the 
fill. Certain advantages are gained depositing the upper blanket 
bank run material instead carrying the hydraulic fill the surface the 
completed work. These advantages include accelerated consolidation the 
hydraulic fill, better distribution surcharges, and elimination pressures 
from water level differentials during hydraulic filling. 

For water depths excess approximately ft, locations where re- 
moval soft material necessary provide other means for. 
limiting the lateral pressure. One the most common methods for accomplish- 
ing this the relieving platform shown Fig. The deck the platform 
constructed within mean low water level. The supporting piles 
under the platform are designed carry the entire weight material and 
surcharge above the platform, thus relieving the earth immediately below the 
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platform any vertical load. The batter piles the rear the platform 
furnish the sheet pile anchorage. Fig. the material existing be- 
tween the original bottom and the dredged bottom has been left place beneath 
the platform. The differences the physical properties the soil account for 
the changes the loading diagram the level the original bottom. 
using backfill material minimum density and high shearing resistance, 
relieving platform has been constructed water depositing dike 
oyster shells adjacent the sheet piles. 

contrast the bulkhead with relieving platform, Fig. shows sheet 
piling located inboard the platform. The active pressure against the bulk- 
head any level that produced the full height fill behind the platform, 
but the unsupported length the sheet piles reduced greatly. This con- 
struction possesses distinct advantage over any other type, that may 
adapted any water depth providing the requisite width platform 
allow for stable slope front the sheet piles. open type wharf 


Mean High 


Fill 


Dredged 
Bottom —32 


PLATFORM 


structure may built instead the platform locations where favorable 
loading conditions prevail. 

The designer has many combinations available for securing safe and 
economical solution particular bulkhead problem. The availability 
material and construction equipment—as well cost—will have in- 
fluence the final choice. 


Types ANCHORAGE 


both two methods may used for transferring tie-rod 
loads the earth. One method derives its resistance from the passive pres- 
sures developed front buried deadman, the other from structural 
arrangement brace piles. Several forms typical anchorages are shown 
Fig. The simple deadman, Fig. 9(a), suitable for use site where 
the existing ground level above the bottom the anchor. concrete 
deadman can either precast cast place, depending economy con- 
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struction and the type equipment available. Preferably, the concrete 
cast trench undisturbed firm material. Otherwise, the material front 
the deadman should select quality and throughly compacted mini- 
mize lateral movement and resulting misalinement the bulkhead. This 
type anchorage subject tipping caused unequal passive resistances 
the earth and should not used important structures unless very favor- 
able soil conditions exist. T-shaped L-shaped deadman will give improved 
stability against tipping. 

Fig. 9(b), sheet piles are used anchorage. The piling may 
placed continuous wall, separate groups centered each tie rod. 
The longer sheet piles are driven into the ground each tie rod provide 


Grade 


Compacted Pair Sheets 


Material 


(a) SIMPLE DEADMAN (6) SHEET PILE DEADMAN 


= 
Gs 


(c) BATTERED PILE ANCHORAGE (d) A-FRAME PILE ANCHORAGE 


Fic. 9.—Types or ANCHORAGE 


vertical support for the assembly during erection and backfilling. This 
anchorage suitable for sites having firm soils with varying ground elevations. 

locations where the existing grade low, anchorages the type shown 
Figs. 9(c) and 9(d) are effective. Because the resistance this anchorage 
not dependent primarily passive pressure, well adapted the hydraulic 
placing fill. The principal resistance derived from the batter piles, al- 
though the case showa Fig. 9(d) large passive resistance eventually may 
mobilized. Steel concrete piles may substituted for wood piles for 
increased capacity. 

The location anchorage primary importance. anchorage 
depends entirely passive earth pressure, should located far enough 
back from the bulkhead that region sufficient develop this pressure 
exists behind the region producing active pressure. Anchorages this type 
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should not closer the bulkhead than from two three times the distance 
from mean tide level the dredged bottom. Anchorages depending batter 
piles should placed behind the region contributing active pressure the 
bulkhead. Live load surcharges and settlements accompanying natural com- 
paction the backfill produce high tensile stresses the tie rods and over- 
loads the anchorages. Therefore adequate vertical supports for the tie reds 
are essential order prevent sag the rods both before and after placing 
the backfill. 
BULKHEADS 


nominal amount bulkhead movement should anticipated allow 
for bending sheet piles, removal sag and elastic lengthening tie rods, 
and shift anchorages mobilize resistance. Movements much larger 
magnitude often occur well-designed and well-constructed bulkheads. Sites 
having predominantly clay soils must examined for stability against the 
development general outward slide. Two other potential causes are 
illustrated Fig. 10. heavy surcharge placed immedicately behind 


Heavy Surcharge 
Surcharge 


10.—Movement BuLKHEADS 


anchorage may cause the anchorage shift because the bulb pressure 
created this loading condition. Unless the heavy surcharge can located 
quite far behind the anchorage, vertical pile supports are required. 
underlying stratum soft material unconfined outboard the bulkhead (such 
the material indicated value equal 18° Fig. 10), the loads from 
the bulkhead fill and surcharges may cause slow lateral flow the soft material 
toward the channel, resulting translation the bulkhead area whole. 
Such translation difficult prevent. Driving the sheet piles through 
the unconsolidated layer and provision steel A-frame driven 
bearing below the soft indicated. Another solution re- 
lieving platform supported piles with points bearing below the soft stratum. 


IMPORTANCE CONSTRUCTION SEQUENCES 


There single factor having more influence upon the success failure 
given bulkhead than the sequence construction. Overloading, lateral 
displacement, and actual failure result from improper construction methods 
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often from poor design. Proper inspection necessary insure that re- 
quirements the design are met. 

The time and method performing the dredging often critical. Re- 
moval soft material, when contemplated the design, should precede the 
driving sheet piles. the existing material behind the sheeting 
left place, will advantageous perform the dredging front the 
bulkhead after completion the structure. Because the lateral loads during 
backfilling are usually larger than those any other time, well 
take advantage the lateral resistance from material existing above the 
level the final dredged bottom. such case, dredging after completion 
the bulkhead allows certain time for settlement with consequent re- 
duction the active pressure. Dredging adjacent the sheet piling after 
completion should preferably done two three vertical stages avoid 
rapid changes load differential. The site should predredged for open- 
type platform structures. Certain construction sequences are necessary with 
respect the anchor system. Care should taken pretension the tie 
rods uniformly possible order avoid uneven alinement the finished 
bulkhead wall under the load the entire backfill. the anchorage depends 
upon passive resistance, there should filling against the sheet piles until 
the backfill has been properly deposited front of, and finished grade 
above, the anchorage. 

The process backfilling must rigidly should 
progress away from the sheet piling rather than toward it. The trapping 
soft material adjacent the sheet piles must avoided. the filling 
relieving platform type structure, the area under the back portion the 
platform should filled level, the deck over the batter piles placed, 
and filling continued grade. The area adjacent the sheets may then 
filled and the structure completed. hydraulic filling operations, well 
locate the discharge line on, front of, the anchorage. Openings the 
sheet piles should provided intervals about 100 ft, allow the escape 
discharge water and thus prevent the formation pools and the develop- 
ment excessive hydraulic heads. 


MATERIALS CONSTRUCTION 


Several factors influence the selection materials used the construction 
bulkheads. Among these are the depth the water, the soil conditions, the 
presence destructive marine organisms, the availability construction 
equipment, and the permanency the structure. Timber should not used 
where destructive marine organisms are known active. All untreated 
timber should located below the permanent wet line avoid 
treated timber should extend higher elevation. Tie rods should painted 
and wrapped, encased, for distance about adjacent the bulkhead, 
and should fully protected acid soils certain cinder fills. Wire rope 
should not used the anchor system because the rapid deterioration 
the small wires. Steel wales and sheet piling corrode rapidly the tide zone. 
The wales should, preferably, located the inner face the piling. For in- 
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creased life, all steei should protected with bituminous coatings concrete 
jackets above level below mean low water. Concrete sheet piles with 
adequate cover give good service but alinement difficult maintain when 
driving through large depths relatively firm material. deep dredging 
fine sand done after completion the structure, steel sheet piles usually 
are preferable because their tight joints. Fill material should predomi- 
nantly granular. The percentage fine-grained soil should kept suffici- 
ently low level preclude the development pore pressure. 


STRESSES 


Assignment uniform working stresses for wales, tie rods, and sheet 
piles—applicable ali conditions—is not realistic. The region maximum 
corrosion usually for the wales and tie rods. The maximum bending 
stress the sheet piles usually occurs well below the water line where there 
minimum corrosion. Limited data from prototype measurements tie- 
rod tension indicate that the pulls resulting from pressures backfill may 
reduced much 25% one year’s time. However, there are indications 
that the beneficial effect this reduction may overcome the residual 
stresses developed surcharges long duration lying over extensive areas. 
Surcharges short duration lying small areas have little effect, but the in- 
creased tension from surcharges long duration released slowly after removal 
the surcharge. Therefore, frequent repetition extensive surcharges 
may cause tie-rod stresses considerably larger than those computed theo- 
retical methods. The tie rods may also develop increased stress resulting from 
settlement. Because the uncertainty relating soil pressures, un- 
balanced water heads, and the effects corrosion, conventional working 
stresses are used for designing the wales and tie rods. Because records 
failure for sheet piles are almost unknown, increase from 10% 15% 
excess conventional working stresses may used safely for ordinary condi- 
tions loading. order care for loads during filling, the Navy 
frequently permits increases from 25% 50% excess conventional 
working stresses for the sheet piles and increases from 10% 15% for wales 
and tie rods. 


AXIOMS FOR BULKHEAD CONSTRUCTION 


The more important lessons learned from experience may summarized 
follows: (a) Study the general geology and history the bulkhead site; (b) de- 
termine the properties the underlying soil and the backfill material; (c) re- 
move soft unconsolidated material that overlays the site depths exceeding 
and replace with predominantly granular material required; (d) prepare 
separate loading diagram and stability analysis for bulkheads backfilled 
provide ample sheet pile penetration care for accidental 
overdredging; provide ample anchorage and locate stable soil zone; 
(g) provide vertical supports for tie rods; protect the tie rods and wales ad- 
jacent the bulkhead against corrosion; (i) deposit the backfill working 
away from along the line sheet piles; never permit mud wave 
develop behind the structure; when choice must made between back- 
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fill materials, consider the maintenance cost caused the consolidation 
fine-grained soils; guard against the development high water heads be- 
hind the structure; and (m) load relieving platforms before filling behind them. 


CONCLUSION 


Several branches science have contributed the fund knowledge 
bulkhead design. Beginning with Coulomb 1773, extensive effort has been 
expended theoretical and analytical methods. The relatively new science 
soil mechanics responsible for greatly improved means for evaluating 
earth pressures, based the sampling and testing materials. The most 
promising avenue further progress seems the field prototype 
measurements for testing the validity existing design methods. 
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